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a b s t r a c t
Resveratrol (5-[(E)-2-(4-hydroxyphenyl)ethenyl]benzene-1,3-diol), a redox active phytoalexin with a
large number of beneﬁcial activities is also known for antibacterial property. However the mechanism of
action of resveratrol against bacteria remains unknown. Due to its extensive redox property it was
envisaged if reactive oxygen species (ROS) generation by resveratrol could be a reason behind its
antibacterial activity. Employing Escherichia coli as a model organism we have evaluated the role of
diffusible reactive oxygen species in the events leading to inhibition of this organism by resveratrol.
Evidence for the role of ROS in E. coli treated with resveratrol was investigated by direct quantiﬁcation of
ROS by ﬂow cytometry, supplementation with ROS scavengers, depletion of intracellular glutathione,
employing mutants devoid of enzymatic antioxidant defences, induction of adaptive response prior to
resveratrol challenge and monitoring oxidative stress response elements oxyR, soxS and soxR upon
resveratrol treatment. Resveratrol treatment did not result in scavengable ROS generation in E. coli cells.
However, evidence towards membrane damage was obtained by potassium leakage (atomic absorption
spectrometry) and propidium iodide uptake (ﬂow cytometry and microscopy) as an early event. Based
on the comprehensive evidences this study concludes for the ﬁrst time the antibacterial property of
resveratrol against E. coli does not progress via the diffusible ROS but is mediated by site-speciﬁc
oxidative damage to the cell membrane as the primary event.
& 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction
In the present day scenario it is absolutely vital to discover
novel antibacterial molecules as antibiotic discovery process has
not been able to keep the pace with rapidly emerging pathogens
and drug resistant isolates [1]. In this process due emphasis is
given to understand the mechanisms underlying the antibacterial
action of the potential molecules. This helps in identifying the
likely targets and predicts possible outcomes of resistant mechan-
isms that bacteria may develop. Resveratrol is a redox active
molecule that readily binds with transition metal ion copper and
reduces it. In this process it generates reactive oxygen species
(ROS) [2]. ROS can damage vital molecules inside a cell like DNA,
proteins and membranes. It also alters the redox status inside a
cell leading to pleiotropic effects that could culminate in cell
death. Previous studies have shown that resveratrol and its
metabolite piceatannol bind copper ions, generate ROS and
damage DNA [2,3]. Inhibition of ROS generation by addition of
chelators or scavenging ROS by antioxidants prevented this
damage [2]. It has been further demonstrated that due to
increased availability of copper in certain target cells, polyphenols
like resveratrol are able to target them selectively [3].
Resveratrol inhibits a wide array of bacteria including both
gram positive and gram negative organisms. It is more effective
against gram positive bacteria than gram negative bacteria [4].
in vitro resveratrol inhibits Heliobacter pyroli that is responsible for
chronic gastritis and peptic ulcer [5]. In rats fed with resveratrol
prior to colitis induction, increase in the favourable lactobacilli and
biﬁdobacteria was observed with a concomitant decrease in
enterobacteria [6]. In spite of these observations the mechanism
(s) behind resveratrol induced inhibition of bacteria remains
unknown. The present study aims to understand the antibacterial
action of resveratrol. In particular, we sought to probe any role of
ROS, as resveratrol is a known ROS inducer. For this we employed a
comprehensive array of biochemical and genetic approaches. Our
results provided convincing evidence against the direct involve-
ment of diffusible ROS in the resveratrol-mediated inhibition of
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Escherichia coli cells while the inhibition is a consequence of
oxidative membrane damage.
Materials and methods
Bacterial strains
The bacterial strains and plasmids used in this study are listed
in Table 1. Cultures were grown in Luria-Bertani broth (LB) or
plated on LB agar. The sodA sodB double mutant (designated NJ03)
of strain MG1655 was constructed by P1-mediated transduction as
previously described [7]. In brief sodA sodB double mutant NJ03
was generated by transduction of sodA allele from strain NJ01
mutant to NJ02 background [8].
Reagents and chemicals
The Luria agar components yeast extract, tryptone and agar
were from Difco laboratories, USA. Tert-butyl hydroperoxide was
purchased from Lancaster Synthesis, Morecambe, England. Hydro-
gen peroxide (H2O2) was from Merck Specialities Pvt. Ltd., Mum-
bai, India. L-Buthionine-sulfoximine (BSO), dihydroﬂuorescein
diacetate (DCFDA), dimehtyl sulfoxide (DMSO), GSH, Lysozyme,
Mitomycin C, N-acetylcysteine (NAC), Propidium iodide (PI) and
Paraquat dichloride were purchased from Sigma Aldrich Inc., St.
Louis, USA. Live/Dead BacLight bacterial staining kit was from
Molecular probes, Eugene, USA.
Enumeration of viable cells
Overnight E. coli cultures were diluted (1:100) in LB and grown
afresh at 37 1C. Mid-exponential-phase culture (OD600 0.3–0.5)
was exposed to different concentrations of resveratrol for 5 h at 37
1C. All the resveratrol treated samples contained a uniform con-
centration of vehicle (1% v/v DMSO). At the end of the incubation
period the number of cells in each experimental tube was
estimated by plating appropriate dilution on Luria agar plates.
Whenever the effect of a particular supplementation had to be
tested on resveratrol induced inhibition it was added in LB prior to
the addition of resveratrol. To deplete intracellular GSH E. coli cells
in LB were incubated with different concentrations of BSO over-
night. The following morning the culture was diluted to 1  105
cfu/mL in fresh LB and challenged with resveratrol. To achieve
oxygen depleted conditions the growth medium LB was purged
with nitrogen for 30min following which the experiment was set
up immediately. The experimental tubes were sealed with Paraf-
ilm and incubated at 37 1C overnight. The plating was carried out
in duplicate and experiments repeated thrice. The plates were
incubated at 37 1C for 24 h before counting the colonies. The data
is represented in terms of percent survival. The counts
corresponding to the number of bacteria on Luria agar without
resveratrol were taken as 100% survival for the respective culture.
Quantiﬁcation of ROS by ﬂow cytometry
Mid-exponential-phase culture was exposed to different con-
centrations of resveratrol. At the end of the incubation period the
cells were washed with phosphate buffered saline (PBS), incubated
in PBS with 10 mM DCFDA in dark for 30min. The cells were
acquired by a ﬂow cytometer (CyFlow Space, Partec, Germany) and
ﬂuorescence (excitation 488 nm and emission 530 nm) quantiﬁed.
Induction of adaptive response in E. coli
Mid-exponential-phase cells were suspended in saline with 1%
glucose and exposed to H2O2 or γ-radiation to induce an adaptive
response in E. coli. In case of H2O2 the cells were exposed to 0.5
mM H2O2 or 1mM H2O2 for 30min. In case of γ-radiation the cells
were exposed to 10 Gy at a dose rate of 2.14 Gy/min and remained
to stand till 30min. At the end of 30min cultures were treated
with resveratrol for 5 h in LB and the number of viable cells was
enumerated by plating on Luria agar.
Estimation of catalase in E. coli
The E. coli cells were lysed by treatment with lysozyme
followed by sonication. The cell lysate was obtained by centrifuga-
tion at 4 1C for 30min at 16,500 g. The amount of catalase per unit
protein was estimated spectrophotometrically by a previously
established method [9].
Monitoring expression of oxidative stress responsive genes
To monitor the expression of different genes in response to
resveratrol, we employed the corresponding reporter strains from
Thermo Scientiﬁc E. coli promoter collection which employs the E.
coli K12 strain MG1655 wherein the promoters of corresponding
genes are transcriptionally fused to green ﬂuorescent protein
(GFP) on a low copy plasmid pMS201 [10]. The ﬂuorescence of
GFP serves as a reporter for transcription initiation from the
promoter. The cells were treated with resveratrol or respective
positive control in 0.3mL volume in a 96 well plate in triplicates.
The plate was read at a 37 1C in a multiwell plate reader (Tecan
Inﬁne M200) up to 22 h. The GFP ﬂuorescence (excitation: 480 nm
and emission: 510 nm) and the absorbance (OD600) were quanti-
ﬁed at 30min intervals. Speciﬁc ﬂuorescence intensities (SFI) were
calculated by dividing ﬂuorescence values by OD600 for the
respective wells. Being a relatively stable protein, the accumula-
tion of GFP ﬂuorescence per cell (SFI) with respect to time gives an
indication of the promoter activity. The strains employed from the
collection for this study are serial numbers: 1862 oxyR (transcrip-
tional regulator of oxidative stress, regulates intracellular H2O2
Table 1
List of the bacterial strains used in the study.
Escherichia coli K-12 strain Relevant genotype Source or reference
MG1655 (wild type parent) F ˉ λ ˉ rph-1 E. coli Genetic Stock Center
JI367 MG1655 katG17::Tn10Δ(katG17::Tn10)1 (Tets) katE12::Tn10 James Imlay [14]
JI372 MG1655 katE12::Tn10Δ(katE12::Tn10)1 (Tet s)Δ ahpCF' kan::'ahpF James Imlay [14]
JI374 MG1655 katG17::Tn10Δ(katG17::Tn10)1 (Tets) ahpCF' kan::'ahpF James Imlay [14]
JI377 MG1655 katG17::Tn10Δ(katG17::Tn10)1 katE12::Tn10Δ ahpCF' kan::'ahpF James Imlay [14]
NJ03 MG1655 sodA CamR, sodB KanR This study
Clone 1179 MG1655/pMS201 soxR-GFP Thermo Scientiﬁc [10]
Clone 484 MG1655/pMS201 soxS-GFP Thermo Scientiﬁc [10]
Clone 1863 MG1655/pMS201 oxyR-GFP Thermo Scientiﬁc [10]
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[LysR family]), 484 soxS (transcriptional activator of superoxide
response regulon [AraC/XylS family]) and 1179 soxR (soxR tran-
scriptional dual regulator).
Membrane compromise studies
Membrane compromise in E. coli was studied by quantifying
the leaked potassium ions in the supernate as well as the residual
potassium ions in the pellet. The cells were treated with vehicle or
resveratrol in a 1mL volume in PBS. After different time intervals
the supernate and pellet were separated by centrifugation. The
pellet was digested with 4 N nitric acid overnight. The samples
were diluted with Nanopure water to 5mL and the potassium was
quantiﬁed by atomic absorption spectrometry. Membrane com-
promise (up to 3 h) was also studied by staining with Live/Dead
BacLight kit followed by ﬂuorescent microscopy according to the
manufacturer's instructions. Pictures were acquired in a Carl Zeiss
Axioskop2 Motplus ﬂuorescent microscope. The SYTO–PI ratio was
quantiﬁed spectroﬂuorimetrically (JASCO FP6500). The excitation
and emission wavelengths for SYTO were 480 and 530 nm respec-
tively and those of PI were 480 and 630 nm. To further quantify the
membrane damage by the uptake of PI the test samples were
treated with PI (50 mM) for 5min in dark and acquired immedi-
ately by ﬂow cytometry.
Statistical analysis
Data are expressed as means7SE. Statistical differences
between groups were calculated by the Student's unpaired t-test.
pr0.05 was considered to be signiﬁcant.
Results
The effect of resveratrol on E. coli MG1655 was evaluated by
exposing the cells in LB to increasing concentrations of resveratrol
(57–456 mg/mL; 250–2000 mM). It was found that resveratrol
inhibits growth of E. coli in a concentration dependent manner
up to 342 mg/mL (Fig. 1a). The IC50 concentration was found to be
182.575.09 mg/mL. This value is in agreement with a previous
report of related gram negative organisms albeit using a higher
DMSO concentration that inﬂuences the solubility of resveratrol
and subsequently its efﬁcacy [11]. Further, the minimum inhibitory
concentration of resveratrol against many gram negative micro-
organisms has been reported to be greater than 400 mg/mL [12].
This is due the insolubility of resveratrol beyond 400 mg/mL in
aqueous media as observed by us and others [12]. Hence we
employed IC50 as an end point in our studies. To evaluate if
resveratrol is bactericidal or bacteriostatic we incubated pre-
grown E. coli cells with resveratrol and monitored the number of
viable cells at regular time intervals by plating. The results of both
time and dose dependent experiments did not show any reduction
in the number of viable cells due to resveratrol treatment,
suggesting its bacteriostatic, but not bactericidal (Fig. 1b). The
dose-dependent effect of resveratrol and the positive control H2O2
on ROS generation was evaluated at 2 h by ﬂow cytometry using
DCFDA as the oxidative probe. Compared to the control and
vehicle-treated cells, resveratrol dose-dependently increased the
DCFDA ﬂuorescence, showing the maximum (16.372.8% increase)
with resveratrol (228 mg/mL). The positive control, H2O2 (1mM)
induced a robust ﬂuorescence (480% at 1mM) in the cells under
similar conditions (Fig. 2). Separate time-dependent (0, 1, 2 and 3
h) experiments with resveratrol (228 mg/mL) showed a gradual
increase in the DCFDA ﬂuorescence up to 2 h when the plateau
value as above was attained. External supplementation of the
antioxidants, by pre-treating the cells with NAC and GSH (each
5 and 10 mM) did not prevent the cell inhibition by resveratrol
(182 mg/mL). The antioxidant supplemented population exhibited
the same amount of inhibition (48.8372.57% to 53.8672.62%) as
that of 182 mg/mL resveratrol (51.7573.73%) treated cells. The
antioxidants NAC and GSH alone did not alter the growth of E. coli
(Fig. 3). In a reverse approach we employed BSO to deplete the
intracellular antioxidant glutathione. As shown in Fig. 4 E. coli cells
treated with BSO did not exhibit a hypersensitive phenotype to
subsequent resveratrol treatment. The sensitivity of the 0.5, 1 and
2mM BSO treated cells to resveratrol (182 mg/mL) were
47.3573.65%, 47.6872.54%, 42.3272.64% respectively which
was not signiﬁcantly different than that of BSO untreated cells
(47.8273.26%). Further we employed antioxidant defence deﬁ-
cient E. coli strains to investigate the role of ROS upon treatment
with resveratrol. Enzymatic antioxidant defences of E. coli against
superoxide and peroxides comprises of superoxide dismutases
(sodA, sodB and sodC), catalase (katG and katE) or alkaline hydro-
peroxidase (ahpCF) respectively [13,14]. The efﬁcacy of resveratrol
on these multiple knock out strains was compared to the wild type
strain that had these defences intact. We employed mutants that
lack more than one antioxidant defence in this investigation as
lack of one gene product is compensated by the other and defeat
the purpose of the investigation. All the three catalase and
peroxidase double mutants (i.e. JI367, JI372 and JI374) exhibited
similar sensitivity to 182 mg/mL resveratrol (49.2374.26%,
51.6073.56% and 53.8174.62% respectively) as that of the wild
Fig. 1. (a) Effect of resveratrol on the growth of E. coli. E. coli cells in LB treated with different concentrations of resveratrol for 5 h exhibited reduced growth as enumerated
by viable count. (b) Effect of resveratrol on pre-grown E. coli cells. A bacteriostatic effect was observed on E. coli cells incubated with resveratrol. The number of cells in
different samples was enumerated on Luria agar plates in a time dependent manner up to 5 h. The experiments were performed thrice with triplicate samples. The values
denoted are mean7SEM.
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type parent strain MG1655 (52.1773.84%). Moreover the extent of
inhibition seen with catalase (katE, katG) and alkylhydroperoxi-
dase reductase (ahpCF) mutant JI377 (51.6373.44%) was
not different from the parent strain MG1655. Similarly NJ03
which is the double gene knockout for cytosolic superoxide
dismutase activities (SodA and SodB) exhibited similar inhibition
(51.6073.47%) as compared to the wild type parent strain
(53.5174.33%) upon resveratrol treatment (182 mg/mL). However
upon paraquat treatment (64 mg/mL), a drug that generates super-
oxide radicals this double mutant (87.8272.94%) and the triple
mutant JI377 (83.273.6%) exhibited signiﬁcant increase in sensi-
tivity compared to wild type (72.1373.82%) (Fig. 5).
To gain further evidence, the E. coli cells were exposed to H2O2
or γ-radiation to induce adaptive oxidative stress response in
them. Incubation of the cells for 30min with different concentra-
tions of H2O2 (0.5–10mM) revealed that 0.5mM H2O2 did not
affect the cell viability, but 1 and 5mM H2O2 reduced it by
4.3671.34% and 26.7872.36% respectively, compared to
untreated sample. A similar dose-dependent study revealed that
a γ-ray dose up to 10 Gy did not result in reduction in viability
(data not shown). Hence H2O2 (0.5, 1mM) or γ-radiation (dose 10
Gy) was used to investigate the effect resveratrol on adapted cells.
The adaptive oxidative stress response in these cells was examined
from the levels of catalase as a marker for enhanced antioxidant
defence. The ﬁrst order rate constant which is a measure of the
quantity of catalase present in the sample is given in Fig. 6. The
Fig. 2. Quantiﬁcation of ROS upon treatment with resveratrol. After treatment with different concentrations of resveratrol for 2 h, the cells were analysed for ROS with
DCFDA by ﬂow cytometry. (a) Untreated, (b) vehicle, (c) 0.5mM H2O2, (d) 1.0mM H2O2, (e–h) resveratrol 57, 114, 171 and 228 mg/mL respectively. Values below the
histograms represent the percent of cells positive for DCF ﬂuorescence (FL2) as quantiﬁed by ﬂow cytometry. The experiment was conducted thrice with triplicate samples.
Each histogram is one representative sample.
Fig. 3. Effect of antioxidants on resveratrol induced E. coli inhibition. E. coli cells
pre-incubated with NAC and GSH were challenged with resveratrol (182 mg/mL).
The number of viable cells was enumerated on Luria agar plates. The experiment
was performed thrice with triplicate samples. The values denoted are mean7SEM.
RES indicates resveratrol in the ﬁgure.
Fig. 4. Effect of GSH depletor BSO on resveratrol induced bacterial inhibition. E. coli
cells were treated overnight with different concentrations of BSO. These popula-
tions were challenged with resveratrol (182 mg/mL) and the extent of growth
inhibition quantiﬁed by plating the cells on Luria agar. The experiment was
performed thrice with triplicate samples. The values denoted are mean7SEM.
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populations, exposed to H2O2 or γ-radiation exhibited an
enhanced antioxidant defence status compared to the untreated
cells (Fig. 6). Untreated and sham irradiated cells exhibited
catalase concentrations 0.0970.001 and 0.0570.007 k/mg pro-
tein while 0.5 and 1mM H2O2 treated cells exhibited 1.170.126 k/
mg and 1.0070.068 k/mg protein respectively, a tenfold increase
compared to untreated cells. A similar signiﬁcant increase in
catalase levels (0.5870.782 k/mg protein) was observed upon
exposure to 10 Gy γ-radiation. Resveratrol itself did not alter the
catalase levels in E. coli. However, none of these adaptively-primed
cells showed any signiﬁcant change in their sensitivity to resver-
atrol (182 mg/mL). It was anticipated that any molecule that act via
a ROS pathway lose its efﬁcacy under oxygen depleted conditions.
Under oxygen depleted conditions the inhibitory property of
resveratrol towards E. coli remained unaltered compared to the
experiment carried out at ambient oxygen level (IC50E182 mg/mL
in both cases).
Finally to investigate the role of ROS in resveratrol mediated
bacterial inhibition we looked into the expression of sensor/reg-
ulatory proteins that are sensitive to oxidative stress. In E. coli oxyR
regulon is reported to be induced upon exposure to the peroxide
stress whereas soxRS is induced by superoxide radicals [15]. Treat-
ment with resveratrol did not induce oxyR, soxS or soxR genes
signiﬁcantly, as observed from the green ﬂuorescent protein (GFP)
ﬂuorescence of the respective GFP-tagged genes (Figs. 7 and 8).
However a robust induction was seen in case of oxyR when treated
with tert-butyl hydroperoxide (Fig. 7). Similarly paraquat treatment
induced the soxS signiﬁcantly (Fig. 8a), although the increase of soxR
was not pronounced (Fig. 8b). Resveratrol treated samples exhibited
membrane damage as evidenced by the leakage of potassium in the
supernate and a corresponding decrease in the pellet (Fig. 9). In
resveratrol treated cells the amount of potassium increased in
supernate from 2.54 mg/mL at 0 h to 8.88 mg/mL at 4 h. The decrease
in potassium quantity in the pellet was found to be 0.76 mg/mL at 4
h from 6.02 mg/mL at 0 h. In case of vehicle treated cells such a
change was not observed. This was further conﬁrmed by ﬂuorescent
microscopy (Supplementary Fig. 1a). Quantiﬁcation of SYTO–PI ratio
revealed decrease in the ratio in a concentration dependent manner
in resveratrol treated samples but not in mitomycin C treated
samples (Supplementary Fig. 1b). Further ﬂow cytometry analysis
revealed a marked uptake of PI in resveratrol treated cells (Fig. 10)
which indicated membrane compromise. Cells treated with 70%
isopropyl alcohol (membrane permeablized cells) were used as
positive control.
Discussion
Plant polyphenols are important components of human diet
and a number of them are considered to possess chemopreventive
Fig. 5. Effect of absence of superoxide dismutase and catalase on resveratrol
induced E. coli inhibition. E. coli mutants NJ03 (sodAsodB) and JI377
(katGkatEahpCF) were treated with paraquat (64 mg/mL) and resveratrol
(182 mg/mL) to assess comparative sensitivity to that of wild type strain (E. coli
MG1655). Paraquat was used as a control. The experiment was conducted thrice
with triplicate samples. The values denoted are mean7SEM. *Data values are
signiﬁcantly different (pr0.05).
Fig. 7. Effect of resveratrol on expression of oxyR regulon in E. coli. E. coli with
oxyR-GFP construct was treated with resveratrol and the expression was followed
ﬂuorimetrically. tert-butyl hydroperoxide was used as a positive control to induce
the oxyR regulon. Filled squares indicate untreated cells, half ﬁlled squares indicate
vehicle treated cells, stars indicate cells treated with 0.01 mM tert-butyl hydroper-
oxide, circles indicate cells treated with 0.1 mM tert-butyl hydroperoxide, triangles
indicate cells treated with 114 mg/mL resveratrol and diamonds indicate cells
treated with 182 mg/mL resveratrol. The inset shows the magniﬁcation of the
closely placed data points. The values are mean of triplicates of a single experiment.
The experiment was performed twice.
Fig. 6. Quantiﬁcation of adaptive oxidative stress response in E. coli. The levels of
catalase in E. coli treated with non-lethal doses of H2O2 and γ-radiation was
quantiﬁed spectrophotometrically. (a) Untreated cells, (b) sham irradiated cells,
(c) 0.5mM H2O2 treated cells, (d) 1mM H2O2 treated cells (e) 10 Gy γ-irradiated
cells and (f) resveratrol (182 mg/mL). The experiment was conducted thrice with
triplicate samples. The values denoted are mean7SEM. *Indicates the data values
are signiﬁcantly different from samples (a) and (b) (pr0.05).
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and therapeutic properties. A redox reaction of the polyphenols
and Cu(II) in the ternary complex may occur leading to the
reduction of Cu(II) to Cu(I), whose reoxidation generates a variety
of ROS [2]. This has been attributed as a primary reason behind the
cytotoxic potential of several polyphenols including resveratrol
[16,17]. Extensive work has been carried out on the health beneﬁts
of resveratrol and the associated mechanism of its action [18]. Its
antibacterial activity has also previously been reported [11,19].
Kohanski et al. have proposed a uniﬁed common mechanism of
killing bacteria by antibiotics, involving induction of the most
reactive ROS, hydroxyl radicals [20]. Several antibacterial mole-
cules have been suggested to act via this ROS generation pathway
[8,21]. In view of these, the role of oxidative stress in the
antibacterial activity of resveratrol was examined for the ﬁrst time
in this study. Direct quantiﬁcation of ROS by different ﬂuorescent
dyes has been a useful technique to demonstrate the involvement
of ROS in a process. This in conjunction with external supplemen-
tation of antioxidants to scavenge the ROS provides valuable
insight in to the events leading to macromolecular damage and
cellular cytotoxicity. Fluorescence augmentation due to oxidation
of DCFDA by ROS has been employed previously in E. coli to
elucidate the role of ROS [22]. ROS generated by antibiotics when
scavenged by externally supplemented antioxidants result in loss
of their efﬁcacy against the target bacteria [8]. This has been
widely employed to evaluate the role of ROS in different anti-
biotics. In case of ciproﬂoxacin, NAC and GSH gave greater than
90% protection to E. coli cells [8]. BSO, an irreversible inhibitor of γ-
glutamylcysteine synthetase, has been used to inhibit GSH synth-
esis. BSO by depletion of intracellular GSH enhanced the
susceptibility of trypanosomes to Megazol [23]. In our investiga-
tion we did not observe signiﬁcant ROS by the DCFDA method.
This coupled with failure of external antioxidants to protect E. coli
against resveratrol and failure of BSO to hypersensitize E. coli to
resveratrol strongly indicated non-involvement of ROS. Antioxi-
dant enzymes, catalase, alkylhydroperoxide reductase and super-
oxide dismutase form a critical defence against endogenous ROS
generation in cells as well as exogenous means like drug treat-
ment, radiation etc. Absence of these enzymes has been shown to
render the cells susceptible to oxidative stress [14]. To obtain
further proof towards the role of ROS in resveratrol mediated
antibacterial activity we employed mutants lacking these key
antioxidant defences. Unlike H2O2, resveratrol treatment did not
induce a hypersensitive phenotype in E. coli cells lacking catalase
and alkyl hydroperoxide reductase. Similar result was obtained in
case of superoxide dismutase double mutant upon treatment with
resveratrol. As observed by others [13] we too found the double
mutant of superoxide dismutase to be hypersensitive to paraquat.
Oxidative stress is believed to be an important factor contribut-
ing towards adaptive response by inducing the enzymatic and non-
enzymatic defences in a cell. The adaptive response is a nonspeciﬁc
response of a cell in which exposure to minimal stress could result
in increased resistance to higher levels of the same or other types of
stress few hours later. Demple and Halbrook ﬁrst showed that E. coli
treated with low doses of H2O2 becomes resistant to subsequent
lethal doses of the same [24]. Exposure to H2O2 or γ-radiation is
known to induce oxidative stress. We induced an adaptive oxidative
stress response in E. coli after exposure to non-lethal concentration
of H2O2 and γ-radiation evident by several fold increase in catalase.
Fig. 8. Effect of resveratrol on expression of (a) soxS and (b) soxR in E. coli. E. coli with soxS-GFP or soxR-GFP construct was treated with resveratrol and the expression was
followed ﬂuorimetrically. Paraquat was used as a positive control. Filled squares indicate untreated cells, half ﬁlled squares indicate vehicle treated cells, stars indicate cells
treated with 27 mg/mL paraquat, circles indicate cells treated with 64 mg/mL paraquat, triangles indicate cells treated with 114 mg/mL resveratrol and diamonds indicate cells
treated with 182 g/mL resveratrol. The inset shows the magniﬁcation of the closely placed data points. The values are mean of triplicates of a single experiment. The
experiment was performed twice.
Fig. 9. Membrane damage induced by resveratrol quantiﬁed by potassium release. E. coli cells treated with resveratrol (182 mg/mL) analysed for potassium in pellet and
supernate by atomic absorption spectrometry. The values denoted are mean7SEM. *Values are signiﬁcantly different compared to 0 h values (pr0.05).
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Earlier such response negated subsequent toxicity induced by a
variety of aldehyde compounds in E. coli [25]. Similarly H2O2 pre-
treatment also protected E. coli cells against methylnitronitrosogua-
nidine induced lethality which is known to progress by ROS
generation [26]. But in the current investigation the adaptive
oxidative stress response did not aid E. coli cells in combating a
subsequent resveratrol challenge.
Many of the oxidative stress induced genes are under the control
of OxyR in E. coli. Mutants that lack oxyR are hypersensitive to H2O2
and many oxidants. The spontaneous mutation rate is also elevated
in these mutants under aerobic conditions [27]. Similarly soxSR
regulon control the expression of at least 10 proteins that are induced
upon exposure to superoxide generating agents. Under oxidative
stress a conformational change occurs in soxR that acts as a
transcriptional activator of soxS. The SoxS protein then activates the
transcription of genes that are under the control of soxSR [28].
Although induction of oxyR by tert-butyl hydroperoxide and induc-
tion of soxSR by paraquat was observed as a proof of principle in our
experiments, resveratrol did not induce the expression of oxyR or
soxSR. This provided further evidence of lack of any oxidative stress
in the E. coli cells due to resveratrol treatment. Previous studies in
case of clofazimine, a riminophenazone antibiotic active against
Mycobacterium it was found that ROS scavengers could not prevent
the inhibitory activity of this antibiotic in spite of it being a potential
candidate for intracellular redox cycling. The outer membrane
appeared to be the primary site of action of this antibiotic [29]. We
also found membrane damage after treatment with resveratrol in E.
coli proved by potassium leakage, SYTO–PI dual staining and PI
uptake by ﬂow cytometry. However it is not clear at this point how it
is taking place. Although diffusiable/scavengable ROS could not be
detected, the damage might still be occurring by oxidation where in
the transfer of electrons between the target and the oxidizer could be
occurring in a very short time frame and in a microenvironment not
amenable to the detection techniques employed in this investigation.
Membrane damage could also occur due to activation of certain
phospholipases in the cell. It has also been observed that resveratrol
inhibits puriﬁed as well as membrane bound F1 ATP synthase
[30,31]. Since ATP synthase is an important drug target [31], it would
be interesting to investigate the link between this and membrane
damage. ATP synthase is regulated in response to proton motive force
to avoid wasteful ATP hydrolysis. Though it has been showed
resveratrol binds to ATP synthase and inhibits it, the inhibition of
the same might also be due to loss of proton motive force induced by
the membrane damage by resveratrol. Our result also throws up an
interesting avenue as it has been reported previously certain organic
molecules aid in increasing the efﬁcacy of existing antibiotics that
may be ineffective due to the outer membrane architecture of gram
negative bacteria [32,33]. Since resveratrol changes the membrane
permeability of E. coli it would be interesting to see if this property
aids in the efﬁcacy of other drugs used against E. coli in particular or
gram negative bacteria in general. Further detailed experimentation
could reveal if co-treatment or pre-treatment with resveratrol would
aid some of the standard drugs to be more potent thereby producing
a favourable clinical outcome. The bactericidal antibiotics are
hypothesized to generate ROS and kill the target bacteria. A few
examples were investigated and evidence towards this hypothesis
was gathered [20]. Our results also corroborate this, as we found
resveratrol to be bacteriostatic and not bactericidal. Taken together,
Fig. 10. Propidium iodide uptake by ﬂow cytometry. Uptake of the membrane impermeable dye PI was quantiﬁed by ﬂowcytometry in (a) untreated cells (b) vehicle treated
cells (c) resveratrol (182 mg/mL) treated cells (3 h) and (d) membrane permeabilized cells. The values are typical of a single sample. The experiment was performed twice in
triplicate.
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our data strongly suggests that unlike certain other antibacterials [8]
scavengable ROS generation and subsequent oxidative stress do not
play an obligatory role in the resveratrol-mediated inhibition of E. coli
cells. However we ﬁnd the primary event in resveratrol mediated
inhibition of E. coli is membrane damage. Further investigation is
currently underway towards the mechanism behind membrane
damage, direct damage or activation of phospholipases and damage
of any secondary targets inside the cells.
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